Abstract We use the spectral-element method to simulate strong ground motion throughout the Taipei metropolitan area. Mesh generation for the Taipei basin poses two main challenges: (1) the basin is surrounded by steep mountains, and (2) the city is located on top of a shallow, low-wave-speed sedimentary basin. To accommodate the steep and rapidly varying topography, we introduce a thin high-resolution mesh layer near the surface. The mesh for the shallow sedimentary basin is adjusted to honor its complex geometry and sharp lateral wave-speed contrasts. Variations in Moho thickness beneath Northern Taiwan are also incorporated in the mesh. Spectralelement simulations show that ground motion in the Taipei metropolitan region is strongly affected by the geometry of the basin and the surrounding mountains. The amplification of ground motion is mainly controlled by basin depth and shallow shear-wave speeds, although surface topography also serves to amplify and prolong seismic shaking.
Introduction
Taipei City in Taiwan is one of the most densely populated metropolitan areas situated on top of a shallow sedimentary basin. Over the past 20 yr, seismic disasters in the Taipei metropolitan area, particularly the 21 September 1999 Chi-Chi (M w 7:6) and 31 March 2002 east coast (M L 6:8) earthquakes, have caused significant damage with considerable casualties (e.g., Wen et al., 1995; Wen and Peng, 1998; Chen, 2003) . Furthermore, recent studies suggest that moderate earthquakes near the basin also have the potential to cause strong ground shaking throughout the city (Lin, 2005) .
Compared to the Los Angeles basin, the Taipei basin is small, about 20 × 20 km at the surface, and relatively shallow, with a maximum depth of less than 1000 m. It is surrounded by varied topography, including mountains, tableland, and a volcano group (Fig. 1a) , collectively producing changes in elevation varying between sea level and about 1120 m. There are two major discontinuities in the basin: the SongShan formation and the basin basement (Fig. 1b) . The SongShan formation is a shallow, low-shearwave-speed sedimentary layer. The basin is surrounded by Tertiary basement with a deepest extent of about 700-1000 m (Wang et al., 2004) . Taipei city's high-rise buildings, including the world's current tallest building Taipei 101 in the eastern part of the basin, make the heavily populated region particularly vulnerable to earthquakes.
In recent years, numerical simulations have been successfully used to study the complex nature of strong ground motion due to earthquakes (see, e.g., Olsen et al., 1995 Olsen et al., , 1996 Wald and Graves 1998; Komatitsch et al., 2004) and the related seismic hazard (e.g., Olsen, 2000) . However, for the Taipei basin, slow, laterally variable sedimentary layers and sharp transitions between shallow sediments and the underlying basement pose a considerable numerical challenge. Furthermore, the notable topography around Taipei city makes the issue even more daunting. Lee, Huang, et al. (2006) used a finite-difference method to assess strong ground motions in the Taipei area for a variety of basin models. However, due to the difficulty of incorporating the free surface condition in the finite-difference method (see for instance Robertsson, 1996) , surface topography was not considered in their analysis.
To accommodate the considerable surface topography as well as the highly variable low-wave-speed sedimentary basin, we will use the spectral-element method (SEM) to simulate siesmic-wave propagation in the Taipei metropolitan area. The SEM is a numerical technique developed more than 20 yr ago to address problems in computational fluid dynamics (Patera, 1984) . It is based upon a weak formulation of the equations of motion and naturally incorporates topography. Komatitsch and Vilotte (1998) and Komatitsch and Tromp (1999) provide a detailed introduction to the SEM for 3D siesmic-wave propagation. The method has been subsequently applied in many areas of seismology (e.g., Komatitsch et al., 2002; Chaljub et al., 2003; Kromatitsch et al., 2004) . The biggest challenge for the successful application of the SEM lies in the design of the mesh (e.g., Komatitsch et al., 2005) . In this study, we present a new mesh implementation to improve mesh quality and related numerical stability. Based upon this implementation, realistic topography and complex subsurface structures can be efficiently incorporated within the SEM mesh. We assess the quality of our Taipei basin model and the related mesh by simulating a moderate earthquake, which occurred near the basin on 23 October 2004. The effects of basin structure, the influence of realistic surface topography, and their combined interaction are investigated in this article.
Taipei Basin Model and Mesh Implementation
Model Setting Figure 2 shows the Taipei basin mesh we constructed. The size of the region is 101:9 × 87:5 km horizontally and from 2:89 to 100 km vertically. This model covers most of northern Taiwan because we wish to take account of possible earthquakes and/or seismic damage outside of the basin. We have incorporated most of currently available relevant seismological information in the model, including surface topography, basin geometry, Moho topography, and 3D wave-speed heterogeneity. The 3D basin geometry and the related wave-speed model are derived from Wang et al. (2004) , in which seismic reflection data and borehole logs Figure 2. Spectral-element mesh for northern Taiwan. The size of the model is 101:9 × 87:5 km horizontally and from 2:89 to 100 km vertically. The three-dimensional P-wave-speed variations are represented by the rainbow color scale. The Taipei basin is located in the middle part of the model, and is characterized by relatively low wave speeds compared to surrounding areas. are combined to characterize the Tertiary basement, the Quaternary layers above the basement, and their compressionaland shear-wave speeds. The slowest compressional-and shear-wave speeds in the basin model are 1:5 and 0:2 km=sec, respectively. We embed the basin model in a regional tomographic model derived by Kim et al. (2005) . The nominal resolution of this background tomographic model is 8 km horizontally and 2 km vertically. The shear-wave-speed outside the basin is computed from the compressional wave-speed model based upon the assumption of a value of 0.25 for Poisson's ratio. The location of the Moho is determined by the 7:8 km=sec isovelocity surface in the regional tomographic model. We assign constant wave speeds beneath the Moho (V P 8:0 km=sec and V S 4:6 km=sec) to represent the upper mantle. Throughout the entire model, density is defined based upon the empirical rule ρ V P =3 1280 (McCulloh, 1960; Stidham et al., 2001) and is constrained to lie between 2000 and 3000 kg m 3 . Hauksson et al. (1987) determined a shear quality factor of 90 for the Los Angeles basin. Because of a lack of better attenuation information, we adopt the same shear quality factor for the Taipei basin and a Q of 500 elsewhere (i.e., relatively strong attenuation in the sediments and weak attenuation in the bedrock).
Realistic Topography
We incorporate surface topography based on digital elevation model (DEM) data generated using paired aerial photographs taken nearly two decades ago by the Agricultural and Forestry Aerial Survey Institute in Taiwan, which provide a resolution of 40 m for all of Taiwan. As shown in Figure 2 , surface topography is honored by the SEM mesh. To incorporate high-resolution topography at the top of the model, we use mesh doubling as a function of depth (e.g., Komatitsch and Tromp, 1999) to accommodate a finer mesh near the surface (Fig. 3) . Three consecutive mesh doublings facilitate an increase in element size with depth in accordance with corresponding increases in wave speeds (Fig. 3a) . Five control surfaces are used at various depths. The top of the model is controlled by the DEM surface topography. Right below the surface we introduce a buffer layer-a smoothed version of the surface topography-which is used to dampen mesh distortions induced by the DEM topography. The buffer layer is critical to ensure the accurate and stable accommodation of realistic surface undulations. This layer also defines the top of the first mesh doubling. The top of the second doubling is defined by 93% of the distance from the Moho to the buffer layer, and the third doubling is defined by 75% of this distance. The deepest control surface is the Moho, which follows the 7:8 km=sec isovelocity surface. A close-up view of the shallow mesh is shown in Figure 3b to illustrate how the buffer layer is implemented.
Meshing the Sedimentary Basin
The shallow sedimentary basin underneath Taipei city is introduced between the surface topography and the buffer layer (Fig. 4) . Seismic-wave speed in the basin is quite low, as illustrated by the sharp contrast between the basin and the surrounding basement in Figure 4 . Compared to the Los Angeles basin, the Taipei basin is relatively small and shallow. If we use the same meshing strategy as that of Komatitsch et al. (2004) for the Los Angeles basin to mesh the Taipei basin, the basement layer can only honor a small portion of the deepest part of the basin, as illustrated in Figure 4a . Based upon this implementation, most of the basin boundaries are not constrained by the mesh. Furthermore, the deep basin has lower resolution due to the stretching of the mesh between the surface and the basement (Fig. 4a ). To overcome these limitations, we adjust the spectral elements within the sedimentary basin to redefine the basin boundary mesh (Fig. 4b) . Several empirical criteria are used to define how and where to move the affected elements. A minimum distance (ΔD b ) is assigned to constrain the smallest allowable distance of a mesh node from the basin boundary (see the close up of the basin basement mesh in Fig. 4b ). The smaller the grid spacing, the smaller the timestep needs to be to ensure numerical stability, because the SEM is based on an explicit conditionally stable finitedifference time integration scheme (e.g., Komatitsch and Vilotte, 1998; Komatitsch and Tromp, 1999) . Thus, ΔD b Figure 3 . Cross-sectional view from the south of the northern Taiwan spectral-element mesh (left). A buffer layer is introduced to dampen mesh distortions due to steep surface topography, as emphasized in the close-up view (right). The size of the mesh elements is doubled three times to reduce the numerical cost of the simulations by reducing the number of spectral elements and to allow for a larger time step in the explicit conditionally stable time scheme. The first doubling starts right below the bottom of the buffer layer, the second doubling starts at 93% of the distance from the Moho to the buffer layer, and the third doubling starts at 75% of this distance.
needs to be carefully ascertained to obtain the optimal tradeoff between numerical efficiency and model accuracy. By adjusting the location of the mesh nodes based upon these criteria, we obtained a mesh that honors the complex basin boundary.
To demonstrate the stability of the basin mesh shown in Figure 4b , we consider a 3D basin model (V P 3:0 km=sec; V S 1:155 km=sec) over a half-space (V P 6:0 km=sec; V S 3:464 km=sec) with a strike-slip point source and two vertical receiver arrays, as illustrated in Figure 5 . Three different mesh implementations for this basin model are considered: model a shows a simple mesh with no sophisticated buffering, similar to that originally implemented for the Los Angeles basin by Komatitsch et al. (2004) (Fig. 5a) ; model b shows an irregular, distorted mesh which honors the Taipei basin geometry (Fig. 5b) ; and model c shows a regular mesh with a fourfold increase in mesh density in the vertical direction in the shallow part of the model (Fig. 5c ). The mesh implementation (model c) provides the highest accuracy for both the model and the synthetic waveforms in the test, at the cost of a significant increase in the computational burden. Two vertical receiver arrays record the wave field, one at the basin center (receivers I) and the other at the deepest part of the basin (receivers II), which cut across the basement at depths of 206 and 711 m, respectively. A strike-slip point source (strike, 0°; dip, 90°; and rake, 0°) with a depth of 2 km and a Gaussian source time function with a half-duration of 0.15 sec is located outside the eastern part of the basin. All the synthetic waveforms are low-pass filtered with a corner frequency of 3 Hz. The results for the three components of velocity are shown in the right panels in Figure 5 . The synthetic waveforms obtained based upon mesh implementation (model a) do not fit the reference waveforms derived based upon the high-resolution mesh (model c). This is obvious from the close-up views for shorter time windows. The synthetic waveforms derived based upon the mesh implementations (models b and c) are indistinguishable at both sets of receivers, even for receivers located close to the basement, where the basin mesh is adjusted and distorted.
From these experiments we conclude that the Taipei basin mesh implementation (model b) is stable, accurate, and computationally efficient. Based upon this approach, the complex basin boundary can be precisely defined in both the deep and the shallow parts. For future studies, we are actively developing strategies for the generation of general, unstructured hexahedral meshes for complex models (Casarotti et al., 2006) based upon the CUBIT geometry and mesh generation toolkit (Sandia National Laboratories, http://cubit .sandia.gov).
Simulation of the 23 October 2004 Taipei
Earthquake (M L 3.8)
There are several active faults that pose potential seismic hazards for the Taipei metropolitan area. However, there is relatively little seismic activity near the Taipei basin, and most earthquakes are too small to be recorded by the strong-motion array that is installed in the basin. On 23 October 2004, a small earthquake (M L 3:8) occurred near the southeastern edge of the basin at a depth of 9.2 km and was reported by the Central Weather Bureau (CWB) of Taiwan. The fault plane solution derived from a 3D moment-tensor inversion indicates a normal fault striking 195°, dipping (a) Simple mesh implementation without sophisticated buffering similar to that used by Komatitsch et al. (2004) for the Los Angeles basin. (b) New mesh implementation used in this study. (c) Regular mesh without distortions induced by the basin but with a four-fold increase in mesh density in the vertical direction. The models consist of a 3D basin (V P 3:0 km=sec, V S 1:155 km=sec, ρ 2:3 g=cm 3 ) over a homogeneous half-space (V P 6:0 km=sec, V S 3:464 km=sec, ρ 2:7 g=cm 3 ). The earthquake source is a strike-slip point source (epicenter 121.58°E, 25.02°N, depth 2.0 km). Two vertical receiver arrays are used to record the wave field, one located at the basin center (receivers I), and the other at the deepest part of the basin (receivers II). The three-component synthetic velocity waveforms computed for models (a), (b), and (c) are low-pass filtered with a corner frequency of 3 Hz, and are represented by the solid, gray, and dotted lines, respectively, in the right-hand panels.
49°, and raking 140° (Lee, Huang, et al., 2006) . Because the earthquake is small, the details of the source process can be ignored, and we can use a simple point source instead. This event gives us an excellent opportunity to assess our current velocity model and the Taipei basin SEM mesh. Because the epicenter of the earthquake is close to the basin, we focus on the Taipei metropolitan area, where most strongmotion instruments were triggered.
We use the SPECFEM3D software package developed by Komatitsch et al. (2004) and decompose the study area into 324 mesh slices (i.e., 324 processors) for parallel computing based upon the message-passing interface (MPI) (Gropp et al., 1996) . In each spectral element we use a polynomial degree of N 4, and thus each element contains N 1 3 125 Gauss-Lobatto-Legendre integration points. The average distance between Gauss-LobattoLegendre integration points at the surface is 28 m, that is, sufficiently small to resolve the DEM data, and the slowest shear waves within the basin for simulations are accurate up to 1.0 Hz. The simulations are carried out on Caltech's CITerra Dell cluster (512 dual-processor quad-core nodes). The total number of spectral elements and Gauss-LobattoLegendre points in the model is 4,500,000 and 297,000,000, respectively. These simulations require 116 gigabytes of memory and the average wall-clock time is 9.5 hr.
Snapshots of the simulation for the east, north, and vertical components of the velocity wave field (low-pass filtered with a corner frequency of 1.0 Hz) are displayed in Figures 6c , respectively. The P wave reaches the surface with a relatively weak amplitude at approximately 3 sec. After 6 sec, the slower but stronger S wave reaches the surface and propagates through the basin with significant amplification. The wavefronts slow down and are dramatically distorted due to the low shear-wave speeds in the basin, especially within the soft sedimentary layer. Short-period surface waves propagating after the S wave are observed from 6 to 9 sec. These surface waves are generated by reflections and mode conversions at the free surface and at the shallow basin edges. Yalcinkaya and Alptekin (2005) illustrate similar contributions of basin-edge-induced surface waves to site amplifications. Energy is trapped and reflected within the low-wave-speed sediments. This effect is particularly clear in the eastern part of the basin, where the basement is close to the ground surface and has a large wave-speed contrast relative to the hard rock. After 12 sec, the main body-wave phases have propagated out of the basin; however, the basin continues to shake for several seconds. This longer shaking comes from two different sources: trapped and reflected waves from the basin boundary as described earlier, and reflected and refracted waves generated by scattering from the surrounding mountains. As a result of the source radiation pattern, the horizontal components usually have larger amplitudes than the vertical component (Fig. 6) .
Comparisons between observed velocity records from the Central Weather Bureau strong-motion array (TSMIP) and the corresponding synthetic seismograms are shown in Figure 7 . Most of the triggered stations are located near the epicenter, in the middle part of the basin, and along the basin edge. Records from stations located in the western part of the basin have poorer quality, and therefore it is difficult to distinguish the signal from the background noise. We focus on stations with a good record quality, which are mostly located in the eastern part of the basin, close to the epicenter. There are several prominent phases after the initial body waves, especially on the vertical component. For a moderate regional earthquake at epicentral distances smaller than 15 km, these records are quite complex. Compared to the observations in Figure 7 , the synthetics explain the major characteristics of the observed records. The synthetics for the horizontal (north and east) components explain both the major phases and the later arrivals quite well. On the smaller-amplitude vertical component, however, there are larger discrepancies. In some cases the background noise dominates the data and increases waveform complexity. Some synthetics cannot explain the data on all three components, such as at stations TAP005 and TAP032. This may be due to inaccuracies in the basin model, such as the lack of a 3D attenuation model, 3D velocity structure in the deeper parts of the basin, and insufficient resolution of lateral wave-speed variations and basin geometry. We analyze the maximum particle acceleration within the records to obtain the information on peak ground acceleration (PGA) distribution (Fig. 8) . The observed PGA values are obtained from the norm of all three components (lowpass filtered with a corner frequency of 1.0 Hz) to compare with the corresponding simulated results. Significant amplification is observed in the basin, with relatively large PGA values compared to its surroundings. However, large PGA values are controlled both by the basin geometry and by the source radiation pattern. The trade-off between source and site effects in the near field is discussed in S. J. Lee et al. (unpublished manuscript, 2006) . Because the epicenter is located close to the basin, source radiation dominates the PGA distribution in the near-field records. Combined source radiation and basin amplification effects produce large PGA values in the southeastern part of the basin. The northern part of the basin exhibits relatively small observed and simulated PGA values. Stations with small PGA values are sometimes located surprisingly close to stations with relatively large PGA values, indicating that there must be sharp lateral variations in material properties, probably associated with the shallow geotechnical layer, which is out of the frequency range used in the simulation. Outside the basin the PGA values shown in Figure 8 exhibit a symmetric pattern centered on the epicenter with a strike determined by the focal mechanism. Note, however, that some anomalously high PGA values are predicted to be associated with mountain ridges and peaks. Because of a lack of station coverage in the mountains, we cannot confirm these predictions with corresponding observations. 
Discussion
Although the results of the simulation are still insufficiently accurate to allow for a wiggle-for-wiggle comparison between data and synthetics, we are beginning to unravel the competing amplification effects associated with the basin, the source radiation pattern, and surface topography. Based upon the mesh implementation developed in this study, the 40 × 40 m DEM data can be accommodated without additional smoothing or severe mesh distortions. This gives us an opportunity to investigate the effects of topography on the siesmic-wave field in detail. To this end, we considered three different models: (1) a 3D velocity model without topography, (2) a 3D velocity model with surface topography but without a sedimentary basin, and (3) a 3D velocity model with both a sedimentary basin and surface topography. As before, the 3D velocity model is that of Kim et al. (2005) and the basin model is from Wang et al. (2004) .
To assess the effects of topography, we consider the 23 October 2004 Taipei earthquake by using a point source with a half-duration of 0.5 sec. Figure 9b illustrates the differences between simulations based upon a 3D velocity model with and without topography. It is obvious that topography can produce complex wave propagation behavior, with seismic energy reflected and scattered by the mountains, especially in the eastern part of the basin. One can observe a major reflection coming from a southeasterly direction, following the trend of mountains that borders the basin to the east. Note that compressional (P) waves (around 3 sec) are not significantly affected by topography, but that shear (S) waves (around 6 sec) produce obvious reflections. Additional mountain-reflected waves can be identified after approximately 9 sec. These reflected waves propagate back into the basin, thus producing longer shaking in the city of Taipei.
The PGA amplification factor is obtained by subtracting the PGA value for the model without topography (Fig. 9a ) from the value for the model with topography (Fig. 9b) , dividing the result by the PGA value for the model without topography, and multiplying it by 100 to obtain a percentage. Figure 10 illustrates that surface topography increases the PGA at mountain tops and ridges, whereas valleys usually have a reduced PGA, that is, a negative PGA amplification factor. Examples of synthetic waveform comparisons are shown in the right panels of Figure 10 . The P waveforms are almost identical in both models, while the amplitudes and travel times of the S waves differ noticeably, and there is a significantly longer duration of shaking in the simulation for the model with topography. PGA amplification values vary generally by 50%, and the difference in PGA amplification between a valley and a ridge can be as high as a factor of 2.
The effects of basin geometry and low-wave-speed sediments on strong ground motion can easily be observed in snapshots of the simulated wave field (Fig. 9) . Snapshots for a model with both a basin and topography (Fig. 9c) illustrate that ground shaking within the basin is relatively strong and very complex. When the waves travel in the basin, short-period surface waves (Rayleigh waves), which propagate after the S wave, are clearly observed (6 sec). These surface waves are generated by reflections and mode conversions between the basement and the free surface. The duration of shaking is increased relative to the flat model shown in Figure 9a , because waves are trapped and reflected within the low-wave-speed sediments. Furthermore, complex reflections caused by the topography that surrounds the basin further increases the duration of shaking (after 9 sec).
The influence of the basin is very clear from an analysis of the PGA amplification factor (Fig. 11) . Compared to the amplification factor in mountainous areas (which is about 50%), the sediments in the basin amplify the shaking by more than 100%. Some areas within the basin have particularly anomalous amplification values, for example, the southeastern part of the basin (labeled area I in Fig. 11 ) and the northern part of the basin (area II). Note that the amplification values in these areas can be more than five times larger than those shown in Figure 9a . PGA amplification in the mountains is almost the same as in Figure 10 . However, there is an exception on the western side of the basin (area III in Fig. 11 ), where the amplification values decrease dramatically. This phenomenon is due to the fact that most of the energy radiated in this direction is deflected by the basin, thereby reducing the PGA values in the shadow of the basin. Examples of synthetic waveforms from a station located in the basin are shown in the right panels of Figure 11 . The peak values of ground acceleration increase dramatically, especially on the horizontal components. Compared to the result for the model without a basin, the major phases have longer travel times due to the low wave speeds in the basin. Strong later phases can be observed for more than 10 sec in the synthetic waveforms as a result of a combination of basin reflections and mountain refractions.
The quality factor Q is an important parameter in the modeling of siesmic-wave propagation in the Taipei basin. Because of the lack of a reference Taipei basin attenuation study we adopt the shear quality factor, Q μ , of 90 determined by Hauksson et al. (1987) for the Los Angeles basin. To investigate the effects of the choice of shear Q on the simulations, we compare the results between different shear quality factors in Figure 12 . The effects of topography with and without Q μ in the bedrock are also shown. Our results indicate that the amplitudes of waveforms both in the basin (TAP001) and in a mountainous area (TAP074) are reduced compared to the results without attenuation, especially for the peak amplitude (S) wave. However, shear attenuation has less influence on topographic scattering, and this means that topographic scattering is more pronounced in the time series when attenuation is incorporated in the bedrock. For varying shear Q values in the basin, our results show that the simulated waveforms are insensitive to perturbations in shear Q. This might be due to the short distance to the hypocenter, as well as the fact that the basin is relatively small and shallow.
Conclusions
We developed a new spectral-element mesh implementation to accommodate topography and a complex basin geometry for the Taipei metropolitan area in northern Taiwan. A thin buffer layer was used to produce a fine mesh near the surface, and steep topography obtained from digital elevation data was incorporated without additional smoothing. We demonstrated that topography can change PGA values Figure 10 . PGA amplification factor due to surface topography.
The PGA amplification factor is obtained by subtracting the PGA value for the model without topography from the value for the model with topography, dividing the result by the PGA value for the model without topography, and multiplying the result by 100 to obtain a percentage. The panels to the right show an example of synthetic waveforms at station TAP074 for the models with and without topography (from top to bottom, the east, north, and vertical components). Figure 11 . PGA amplification factor due to the basin and surface topography. An example of synthetic waveforms recorded at station TAP001 located within the basin is shown in the right panels (from top to bottom the east, north, and vertical components). Areas I, II, and III denote locations with anomalous amplification values. Note that in some areas the Taipei basin can amplify the PGA value by a factor of up to 5.
in mountainous areas by 50% compared to the response of a half-space. To accommodate the small, low-wave-speed sedimentary basin, we systematically adjusted the mesh in the vicinity of the basin edges. The meshing technique developed in this study can probably be used to construct a spectral-element mesh of all of Taiwan or elsewhere in future studies. By considering both the low-wave-speed sediments in the Taipei basin and the surrounding mountains, our results indicate that the Taipei basin can amplify ground motion by a factor of up to 5 compared to a model without a basin and topography. Furthermore, the basin and surrounding mountains significantly increase the duration of shaking in the Taipei metropolitan area.
